Better understanding of Escherichia coli population dynamics and genetic variability in the secondary habitat is essential to improve fecal contamination monitoring and contamination pathway characterization. In this study, water samples were collected monthly over a one-year period at eight locations in the Catoma Creek watershed, a mixed land-use watershed in Central Alabama. E. coli concentrations varied from 17 to 12,650 CFU/100 ml and were well correlated with stream flow rates. Repetitive sequence-based PCR DNA fingerprinting was used to generate 271 unique DNA fingerprint patterns from 502 E. coli isolated from water samples. Cluster analysis showed an overall similarity of 32.8% across all DNA fingerprints. Multivariate analysis of variance (MANOVA) showed that E. coli genotypes had a tendency to cluster according to season and stream flow rather than sampling sites. MANOVA of a subset of data within a given season and flow rate, however, revealed some geographical differentiation between urban and rural sampling sites. The results indicate that genetic diversity of E. coli populations was not only high in the secondary habitat but also varied with season, flow conditions and, to a lesser extent, sampling location. To our knowledge, this is the first report relating E. coli genotype to stream flow.
INTRODUCTION
Fecal contamination of surface water may pose health risks to humans and threaten the integrity of ecosystems. In the USA, the Clean Water Act was enacted in 1972 to achieve the goal of 'all water to be swimmable and fishable' (http:// cfpub.epa.gov/npdes/cwa.cfm?program_id ¼ 0, accessed 16 September 2008). However, contamination of surface water is still a common problem nationwide. There are more than 1 million km of impaired rivers and streams in the USA and the most reported cause of impairment is high levels of fecal indicator bacteria (USEPA 2008) .
Escherichia coli is a common type of fecal coliform bacteria that normally inhabits intestinal tracts of warmblooded animals including humans. Despite its limitations, E. coli has been used as an indicator of fecal contamination in fresh water (USEPA 1986) . Potential sources of E. coli in the aquatic environment include runoff from land-applied animal wastes or animal feeding operations, urban runoff, inadequate or failing septic or sewer systems, and wildlife defecation. Environmental conditions, such as water chemistry, season and hydrologic processes, are known to influence E. coli densities and survival in surface waters (Gentry et al. 2006; Avery et al. 2008) . Increased E. coli concentrations in water samples have been found during wet periods, especially after a storm, possibly because of transport of fecal material from the surrounding area and re-suspension of bacteria into water from disturbed doi: 10.2166/wh.2009.105 sediments (Crabill et al. 1999; An et al. 2002) . E. coli and fecal coliform concentrations often are higher in sediments or beach sand than in overlying water columns (Crabill et al. 1999; Bonilla et al. 2007 ). This has been attributed to better survival (Enzinger & Cooper 1976; An et al. 2002) and/or regrowth (Hartz et al. 2008 ) of fecal indicator bacteria owing to the presence of organics, a decreased level of UV radiation, and the presence of anaerobic regions in sediments/beach sand.
Recently, E. coli has also been used as a source identifier in bacterial source tracking studies (Scott et al. 2002; USEPA 2005) . Thus, the diversity of E. coli populations present in fecal materials from humans and animals has been the subject of numerous studies (e.g. Carson et al. 2001; Gordon & Cowling 2003; McLellan et al. 2003; Johnson et al. 2004 ).
However, limited information is available regarding the impact of season and flow conditions on the diversity of E. coli in contaminated surface waters. McLellan (2004) reported that there is less diversity in E. coli isolates obtained from river and beach water than in isolates from human and non-human sources. Kon et al. (2007) showed that E. coli isolates in interstitial water from the same sampling location on a Lake Huron beach have highly similar rep-PCR (repetitive sequence-based polymerase chain reaction) patterns, whereas those from different sampling locations were distinctly different. In contrast, Walk et al. (2007) reported lack of geographic differentiation among E. coli isolated from water and beach sand at different sampling sites on six other beaches of Lake Huron based on multilocus enzyme electrophoresis and multilocus sequence typing. Casarez et al. (2007) pointed out the importance of the discriminatory power of different techniques utilized to assess E. coli genetic diversity since contradictory conclusions may be reached as a result of differences in discriminatory power.
This study was conducted in the Catoma Creek watershed, a mixed land-use watershed of the Alabama River Basin, Alabama, USA. Catoma Creek was added to Alabama's 303(d) list of impaired water bodies in 1996 because of organic enrichment and low dissolved oxygen, and in 2002 because of high fecal coliform concentrations (ADEM 2008) . We evaluated the population dynamics and genetic diversity of E. coli isolated from the Catoma Creek watershed and examined seasonal and flow impacts on these characteristics.
MATERIALS AND METHODS

Study site
The Catoma Creek watershed ( Figure 1) PCR was performed using a TGradient thermocycler (Biometra, Germany) using the following conditions: initial denaturation at 958C for 5 min, 35 cycles of denaturation at 948C for 1 min, annealing at 608C for 1 min, and extension at 728C for 1 min, then a final extension at 728C for 10 min.
A negative control containing sterile water and a positive control containing E. coli ATCC 25,922 were included in each PCR run. PCR products were mixed with 5 ml of 6X loading dye (Promega) and 10 ml of each mixture was resolved using 1.5% agarose (25 cm £ 20 cm) prepared with 0.5X Tris-borate-EDTA (TBE) buffer. One kb Plus Gel images were captured using a Gel Logic 200 imaging system (Eastman Kodak Co., Rochester, New York).
Chemical analysis
Every three months, two additional water samples from each site were collected and analysed for total N, NH 4 -N, NO 3 -N, total P and metal ion concentrations. Ammonium-N and NO 3 -N were determined using a modified indophenol method adapted to microplate format (Sims et al. 1995) . Total N was measured using the Kjeldahl method described by Bremner & Mulvaney (1982) , and total P and metal ions (Ca, K, Mg, Al, Zn, Cu, Mn and Fe) were determined using a SPECTRO CIROS inductively coupled plasma atomic emission spectrometer (SPECTRO Analytical Instruments, Germany). Electrical conductivity (EC) was determined monthly for each site in the laboratory with a conductivity bridge.
Data analysis
Correlations of E. coli concentrations with chemical and flow parameters as well as precipitation were determined using raw data without transformation. BioNumerics version 5.0 software (Applied Maths, Belgium) was used to analyse the rep-PCR DNA fingerprints of E. coli isolates and to perform multivariate analysis of variance (MANOVA). Each gel was normalized by using the 1 kb Plus DNA ladders, in the range from 200 to 4,000 bp, as an external reference standard to allow comparison of multiple gels. DNA fingerprints were compared using a densitometric curvebased method with the Cosine coefficient with 0.5% optimization and 1% position tolerance. Dendrograms were developed using the unweighted pair group method with arithmetic averages (UPGMA). A similarity score of 90% was used as the cut-off for the same strain types. Isolates with similarity scores below this value were considered unique. MANOVA was used to determine fingerprint distribution based on the variability among E. coli isolates from different seasons, stream flow and sampling sites.
RESULTS AND DISCUSSION
Physiochemical parameters
During the 12-month sampling period, pH, water temperature and EC were monitored monthly for all eight sampling sites in the Catoma Creek watershed ( Table 1 ). The mean water pH values ranged from 6.72 to 7.21. The geometric mean water temperature ranged from 16.98C to 19.58C and EC from 0.11 to 0.28 mmhos cm 21 . Nutrient analyses were performed seasonally and the results are summarized in Table 2 . Ammonium-N concentrations varied from 0.003 mg l 21 to 0.783 mg l 21 ; none of the samples exceeded the EPA criterion for fresh water aquatic life at corresponding pH and temperature (USEPA 1999) . The level of NO 3 -N ranged from 0.003 to 1.177 mg l 21 ; 78% of the samples were above the Ecoregion IX reference level of 0.125 mg l 21 for NO 2 þ NO 3 -N (USEPA 2000). Water samples collected in the winter showed highest NO 3 -N concentrations at seven of the eight sites. Total N concentrations were found at levels up to 4.704 mg l 21 ; 44% of the samples exceeded the Ecoregion IX criterion for total nitrogen (0.692 mg l 21 ) (USEPA 2000).
The Ecoregion IX nutrient criterion for total P is 0.036 mg l 21 (USEPA 2000) . Measured concentrations of total P at all sites were consistently higher than this criterion (Table 2) . Another often cited total P critical concentration for stream eutrophication is 0.1 mg l 21 (USEPA 1986). 
E. coli occurrence with precipitation
The daily rainfall recorded at the CC site is plotted together with E. coli concentration in Figure 2 . Correlation between the E. coli concentration in the stream water and monthly rainfall or 7-day antecedent rainfall was poor (r , 0.28). This is probably due to increased hydrological connectivity between uplands and streams following rainfall events.
However, the timing and intensity of a rainfall event appeared to be important. Water samples were collected two days after 48 mm of rainfall in November and one day after 11 mm of rainfall in February. High E. coli concentrations were found at all sampling sites for both months (Figure 2 Since RSP and RSC are two locations on the same creek, we again assumed flow patterns at both sites were similar.
LT site had stagnant water during the entire sampling period; therefore we did not use LT site data for this analysis. The total number of E. coli isolates used in the data analysis was 450 including 168 isolates each for high and medium flow conditions, and 114 isolates for the low flow condition. MANOVA results showed that DNA fingerprint patterns clustered according to stream flow (Figure 3(b) ).
The total variance explained by the first two discriminants was 64% (P ¼ 0.00001) and 36% (P ¼ 0.008), respectively. (Figure 4(a) ). Land uses surrounding these two sites are dominated by pasture, upland mixed forest and forested wetland. Data points from the six remaining sites were intermixed (Figure 4(a) ). In summer, E. coli isolates from the RSP site were separated from all other sites (Figure 4(b) ). Within the large cluster of summer data, most isolates from the CW site formed a smaller and tighter sub-cluster on the upper right side of the plot. Data obtained in the autumn showed two major Figure 4(c) ). The data set for winter samples had high P values and the majority of data points were mixed (Figure 4(d) ). Creek, the CW site is located in a rural area. E. coli isolates from this site in summer and autumn formed a sub-cluster of their own within a larger cluster, supporting the previous observation that E. coli isolated from rural sites were different from those from urban sites.
An additional MANOVA was also performed under a given flow condition with the LT site excluded from the analysis ( Figure 5 ). The sum of the first three discriminants accounted for 92%, 68% and 69% of the total variance for low (0.036 # P # 0.00001), medium (0.2 # P # 0.02) and
high flow rates (0.65 # P # 0.1), respectively. Under medium and high flow conditions, data points from all seven sampling sites were mostly intermixed ( Figure 5(b) and (c)). Under low flow conditions, there were fewer E. coli isolates, none of which was obtained from the WS site ( Figure 5(a) ). These isolates seemed to cluster better by sampling location. Although there were only seven isolates from Ramer Creek sites (four isolates from RSP and three from RSC), they formed distinct clusters by location and were well separated from the four remaining sites ( Figure 5(a) ). Within the cluster formed by isolates from the BS, CO, CC and CW sites, E. coli from the CC and CW sites formed two sub-clusters at the two ends whereas those from the BS and CO sites were intermixed in the middle ( Figure 5(a) ). These results indicate that genetic variability of E. coli can be confounded by fecal source, season and hydrological variability. Spatial variability of E. coli seems to be more prominent under base flow and dry conditions.
CONCLUSIONS
This study showed that stream flow and E. coli concen- 
